BloodSpot is a gene-centric database of mRNA expression of haematopoietic cells. The web-based interface to the database includes three concomitant levels of visualization for a gene query; foremost is the expression across hematopoietic cell types, second is analysis of survival of Acute Myeloid Leukaemia patients based on gene expression, and lastly, the expression visualized in an interactive developmental tree. With the introduction of single cell data we have now also included an unbiased dimensionality reduction method to show gene expression over the continuum of haematopoiesis. The webserver includes a few select analysis functionalities, like Student's t-test, identification of correlating genes and lookup of whole genetic signatures, with the aim of making generation and testing of hypotheses quick and intuitive. The visualizations have been updated to accommodate new datatypes and the database has been largely expanded with RNA-sequencing datasets, both purified in bulk and at single cell resolution, increasing the number of single samples more than 10 fold, while keeping simplicity in presentation. The database should be of interest for any researcher within leukaemia, haematopoiesis, cellular development, or stem cells. The database is freely available at www.bloodspot.eu
INTRODUCTION
BloodSpot (1) is a database of haematopoietic cells in health and disease. The database and interface have been built with the aim of providing quick access for hypothesis testing and generation, via gene-centric lookup of mRNA expression throughout the course of haematopoiesis as well as in expanded leukemic blasts. The interface is, importantly, a oneclick, no scroll access to relevant information (on the majority of screens). Uniquely for collected databases, BloodSpot provides detailed information on the definition and inclusion-criteria for each cell type, allowing researchers to draw conclusions without scavenging through supplementary material from original papers.
In the initial versions (2,3) of BloodSpot, microarray was the standard high-throughput technique to assess gene expression in haematopoietic cell types, and large and comprehensive studies delineated the full constitution of the haematopoietic system (4), as well large cohorts of patients with aberrant and leukemic blasts (5,6) with intricate fluorescence-activated cell sorting (FACS) schemes.. Microarrays have now almost entirely been replaced by short read RNA-sequencing. Recently, it has also become possible to investigate haematopoiesis at single cell resolution (7), either in combination with FACS (8) or as an unbiased outline of the full constitution of the bone marrow (9, 10) . This has allowed a glimpse into the full continuum of haematopoiesis, independently of surface exposed marker proteins used for FACS. Quality assessment and filtering are important steps when processing single cell RNA-
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sequencing data and several methods have been developed for this purpose, e.g. (11, 12) .
A number of other hematopoietic expression databases, each filling a niche, have existed alongside BloodSpot, as reviewed by (13) . Most notably are stem cell specific databases like Stemformatics (14) and SyStemCell (15) both also including cells from the hematopoietic stem cell compartment; their interfaces are built for creating analysis workflows rather than accessing processed data. Hematopoietic specific databases are found in ErythronDB (16) (specifically erythropoiesis) and Haemosphere (17) , both providing multi-click access to analysis and data, with focus on in-house data. The latter is specifically useful for the use of multidimensional scaling plots to outline problematic quality and cell types of the included data. The ambitious Leukemia Gene Atlas (18) and Gene Expression Commons (19) are no longer updated (last data addition from 2013) and dedicated mouse database BloodExpress (20) has been retired.
With this update of BloodSpot we embrace the newest available techniques and data, both from bulk sequencing of highly-purified FACS sorted cells and single cell RNA-seq, to quickly visualize expression of genes or signatures across hematopoietic cells, in the most informative way, to assist researchers and clinicians within the fields of leukaemia, stem cells, and development, to test and generate hypotheses.
MATERIALS AND METHODS
In-house single cell data was processed as described in (21) and external single cell data was obtained either as deposited in github (Setty, M., Kiseliovas, V., Levine, J., Gayoso, A., Mazutis, L. and Pe'er, D. (2018) Palantir characterizes cell fate continuities in human hematopoiesis. bioRxiv, https://doi.org/10.1101/385328), Unique Molecular Identifiers (UMIs) acquired and processed though a standard workflow utilizing 10× genomics cellranger (10), or as normalized and filtered read counts (8, 22) . Blueprint data was downloaded at the processing level 'gene quantification.rsem grape2 crg.GRCh38' (23) . Purified FACS sorted early human progenitor data from Notta et al. (24) was trimmed for NEXTERA adaptors using trim galore (version 0.4.0, with additional parameters: -q 15 -stringency 3 -length 36) and aligned and quantified using star-2.5.2b.
Single cell RNA sequencing data visualizations and dimensionality reduction was performed using a recent manifold learning technique, Uniform Manifold Approximation and Projection (UMAP) (McInnes, L., Healy, J. (2018) UMAP: Uniform Manifold Approximation and Projection for Dimension Reduction, arXiv, https://arxiv.org/abs/1802. 03426). In essence UMAP optimizes towards retaining local structure of the data, while preserving the global structure. It was applied both for visualization (reducing the dimensionality to two) and as a pre-processing step to the clustering algorithm (reducing the dimensionality to 10). Furthermore, k-means were used for clustering the single cell datasets. The elbow method was used to determine the final number of clusters, k. Briefly, plotting the inertia (withincluster sum of squares) for varying values of k allows for a sensible k to be set, i.e. large enough that adding a new cluster would not improve the inertia (Supplementary Figure  S1) . By choosing a clustering algorithm and dimensionality so that clusters in the 2D plot apparently become split into separate clusters, it is possible not only to appreciate the continuum of haematopoietic development, and assess expression at different stages, but also to include relevant information from dimensions which do not appear on the two-dimensional plot. In the single cell data the abundant zero-count values were excluded from the main expression SinaPlot (26) , as it greatly slowed the loading of the page, without adding information, but have been retained for calculations and visualizations on the UMAPs.
Signatures from DMAP (4) where calculated from the processed and normalized expression matrix. Samples included were common myeloid progenitor, megakaryocyte and pre-B-cell. Differential testing was performed with Limma (27) creating contrasts for each cell type against all other (weighted) and requiring genes to have P > 0.05 and log 2 -foldchange above 1 to be included in the signature. The intensity of the expression levels of cells was used to colour samples in the UMAP. The intensity is computed as the mean of an expression score function across all genes of the signatures. The function is given by the logarithm of the expression multiplied by the expression score function (x log x).
RESULTS AND DISCUSSION

Single cell RNA-sequencing of haematopoietic stem and progenitor cells
Development of new and sensitive library preparation protocols have made single cell resolution expression profiling possible. In particular in the hematopoietic stem cell compartment these advances provide an unprecedented opportunity to investigate early blood development in an unbiased manner. We have included several recent unique datasets for the study of hematopoietic progenitors at the single cell level in mouse (21, 22) and human (8, 10, Setty et al.) , and devised a new interface window for investigating their gene expression. Every single cell is visualized as one dot in a dimensionality reduced UMAP plot , such that the full continuum of differentiating cells can be assessed and addressed in an antibody-independent manner. This in effect means that the UMAP plots are a result of expression from all the genes and the cells, in such a way that cells that are similar are close together, and cells that are dissimilar are further apart. As in a principal component analysis (PCA) genes that are more informative are weighted higher in the assessment of similarity, (higher variance, and in this case also higher correlation, over cells). Importantly for single cell sequencing of haematopoietic cells, UMAP offers meaningful organization of cell clusters and also preserves cellular continuums, unlike the popular t-SNE plot (Becht, E., Dutertre, C. 
Clustering of single cells in a UMAP space.
With use of k-means clustering in a 10D UMAP space we clustered unlabelled single cells, and colour coded the clusters for interpretability, and ease of interpretation in the SinaPlot (26) . The expression of a query gene will appear as the intensity of colours on the UMAP, and is independent of the clustering. The clustering serves to evaluate the expression quantitatively over the continuum, and also helps to discover cellular connections that are not apparent in a 2D plot.
Validation of UMAP visualization. Expression of hematopoietic signatures created from DMAP(4) was used to assess the validity of the visualization and clustering. In Figure 1 Figures S2-S5 . Whereas distinct separation of each cell type is not to be expected, it is clear that UMAP clusters and map regions that are dominated by, and in some cases only contain, a single classically defined cell type or its progenitor state.
Inclusion criteria. We have included large studies of FACS sorted cells which broadly cover hematopoietic compartments, as well as single cell datasets, which in an unbiased way represent haematopoietic cells, independent of surface markers. We included newly published data, which analysed >1000 cells and where we could re-find priming of cells which have known precursors in the HCS compartment (as shown in Figure 1 and Supplement Figures S2-S5 ).
RNA-sequencing of FACS purified cells
BloodSpot is now expanded with high quality RNA-seq of FACS purified bulk sequencing data (23, 24, 28) . Noteworthy is data from the BLUEPRINT epigenetics consortium: further to the epigenetics assays the consortium provided a conspectus of expression profiles from sorted populations of the human hematopoietic system. This task was first performed in microarrays by the DMAP (4) project, who conducted this task with a sorting resolution and with a completeness of cell types that yet remains to be exceeded.
The BloodSpot database update
The BloodSpot webserver is updated with curated high quality RNA-sequencing data from both single cell and FACS sorted purified cells. It now includes >25 000 samples, that are presented in an easy-to-navigate manner, and
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requires only a gene name as input for results. The database interface continues to be a one-click service, even if modifications to data inclusion and statistical tests can be performed, if required for publication purposes. On a gene query a plot of expression will be shown along with survival data, or UMAP for single cell data, and a hierarchical display based on the hematopoietic development or sample correlation. A dropdown can display correlating genes or pathways and can be useful for hypothesis generation. The database has a steady growing userbase and fills a niche within existing databases. With this update we ensure that the BloodSpot remains a resource at the forefront of the hematopoietic field. New data will continuously be curated and added to the database. Furthermore, biannual meetings with a user group and developers will systematically review new data releases since the last update, to ensure data is up to date. The database should be relevant for all researchers and clinicians within haematopoiesis, cellular development and stem cells.
DATA AVAILABILITY
Umap is available in the GitHub repository https://github. com/lmcinnes/umap
The Following data was acquired from Gene Expression Omnibus (GEO): GSE75478 (human single cells HSC), GSE60101 (Mouse purified bulk), GSE108155 and GSE72857 (Mouse single cell HSC). GSE76234 (Human purified bulk)
Blueprint data was acquired from http://dcc.blueprintepigenome.eu and cd34+ (13) can be found at http:// support.10xgenomics.com/single-cell/datasets. DMAP data was downloaded from http://www. broadinstitute.org/dmap/home Human HSC 10x genomics data was acquired from https: //github.com/dpeerlab/Palantir/ SUPPLEMENTARY DATA Supplementary Data are available at NAR Online. 
